S1 is the largest ribosomal protein, present in the small subunit of the bacterial ribosome. It has a pivotal role in stabilizing the mRNA on the ribosome. Thus far, S1 has eluded structural determination. We have identified the S1 protein mass in the cryo-electron microscopic map of the Escherichia coli ribosome by comparing the map with a recent x-ray crystallographic structure of the 30S subunit, which lacks S1. According to our finding, S1 is located at the junction of head, platform, and main body of the 30S subunit, thus explaining all existing biochemical and crosslinking data. Protein S1 as identified in our map has a complex, elongated shape with two holes in its central portion. The N-terminal domain, forming one of the extensions, penetrates into the head of the 30S subunit. Evidence for direct interaction of S1 with 11 nucleotides of the mRNA, immediately upstream of the Shine-Dalgarno sequence, explains the protein's role in the recognition of the 5 region of mRNA. P rotein S1 is the largest ribosomal protein, 68 kDa (1), present in the small subunit of the Escherichia coli 70S ribosome. It has been implicated in the selection of the translation start site on the 30S subunit (2). It has been suggested that a pyrimidinerich region upstream of the Shine-Dalgarno (SD) sequence of mRNA interacts with protein S1 and serves as one of the ribosome recognition sites (3). Protein S1 has been reported to be necessary in some cases for translation initiation (4) and for translation elongation (5). It is the only ribosomal protein that has a high affinity for mRNA (6). As a ribosomal protein, S1 is strikingly atypical. Association of S1 to the ribosome is weak and reversible (ribosome preparations often contain less than stoichiometric amounts of protein S1; ref. 7), whereas most other ribosomal proteins are strongly bound. Furthermore, S1 is an acidic protein, whereas all other ribosomal proteins, with the exception of protein L7͞L12, are basic.
P
rotein S1 is the largest ribosomal protein, 68 kDa (1) , present in the small subunit of the Escherichia coli 70S ribosome. It has been implicated in the selection of the translation start site on the 30S subunit (2) . It has been suggested that a pyrimidinerich region upstream of the Shine-Dalgarno (SD) sequence of mRNA interacts with protein S1 and serves as one of the ribosome recognition sites (3) . Protein S1 has been reported to be necessary in some cases for translation initiation (4) and for translation elongation (5) . It is the only ribosomal protein that has a high affinity for mRNA (6) . As a ribosomal protein, S1 is strikingly atypical. Association of S1 to the ribosome is weak and reversible (ribosome preparations often contain less than stoichiometric amounts of protein S1; ref. 7) , whereas most other ribosomal proteins are strongly bound. Furthermore, S1 is an acidic protein, whereas all other ribosomal proteins, with the exception of protein L7͞L12, are basic.
The S1 protein consists of 557 amino acid residues. Mild trypsin digestion cleaves S1 into two fragments (8) , whereas cleavage with cyanogen bromide yields three different fragments (9) . The N-terminal fragment from the latter cleavage contains amino acids , the middle fragment contains amino acids 224-309, and the C-terminal fragment contains amino acids 332-547 (9) . The N-terminal domain binds to the platform region of the 30S subunit (10) , whereas the C-terminal domain has been suggested to interact with RNAs (11) . S1 has been reported to have an elongated shape in solution (12, 13) . Neutron scattering (11) and fluorescence anisotropy experiments (14) indicate that the protein maintains its elongated shape even in its ribosome-bound state.
So far, no x-ray crystallographic study has been reported for S1. However, an NMR structure of a 75-aa fragment of S1-type polynucleotide phosphorylase of E. coli, which corresponds to the C-terminal domain of S1, has been determined (15) . The structure consists of a five-stranded antiparallel ␤-barrel, a structural motif known to bind RNAs (15) . This motif is found in a number of other translational protein factors, such as chloroplast and prokaryotic initiation factor 1 and eukaryotic initiation factor 2␣. Sequence analysis of the E. coli S1 protein indicates that a major portion of S1 consists of six similar structural motifs of Ϸ70 aa each (16) . Four of these repeats (amino acid residues 193-272, 278-360, 365-448, and 452-534), which lie on the C-terminal side, are expected to have higher structural similarity among themselves than to the other two repeats (amino acid residues 22-101 and 106-185), which lie on the N-terminal side.
The tentative location of S1 on the 30S subunit has been previously reported by immunoelectron microscopy (IEM; refs. 17 and 18) and neutron scattering experiments (11, 20, 21) to be on the platform, near the junction of head and main body. S1-RNA crosslinking experiments placed the protein in the same region, close to the cleft of the 30S subunit (22) . However, because of the large size of S1, the question was left open whether S1 would span an even larger region of the 30S subunit. To date, all x-ray crystallographic studies of the Thermus thermophilus 30S subunit (23) (24) (25) (26) , carried out independently by two groups, have failed to visualize the S1 protein. One group (25) intentionally removed S1 from the 30S subunit before crystallization to obtain better-diffracting crystals. We have located the protein on the 30S subunit of the 11.5-Å resolution cryoelectron microscopy (cryo-EM) map of the E. coli 70S ribosome. We found the location by comparing the 30S subunit portion of that map, which contains S1, with the x-ray map of the S1-depleted T. thermophilus 30S subunit (25) . The position derived from this study is consistent with results from IEM (17, 18, 19) , neutron scattering (11, 20, 21) , and S1-rRNA crosslinking (22) experiments, and it helps to explain all existing biochemical data (27, 28) . Our study shows that S1 is an elongated structure that makes several contacts with components of head, platform, and main body of the 30S subunit. Furthermore, the study reveals that the central portion of the protein makes direct contact with the 5Ј region of the ribosome-bound mRNA.
Materials and Methods
A three-dimensional map of the 30S subunit was derived from the 11.5-Å resolution cryo-EM map of the E. coli 70S ribosome of an initiation-like fMet-tRNA f Met -ribosome complex programmed with a 46-nucleotide mRNA fragment (29) , by using SPIDER (30) and IRIS EXPLORER (Numerical Algorithms Group, Downers Grove, IL). The atomic coordinates of the x-ray crystal structure (25) of the T. thermophilus 30S subunit were fitted into the 30S cryo-EM map and converted into an electron density map by computing averaged densities within volume elements scale-matched to those of the cryo-EM map, i.e., by using a pixel size of 2.93 Å. The x-ray map was then filtered to the resolution of the cryo-EM map. The two maps were aligned with respect to one another and a difference map was computed. Another difference map was calculated between the protein-only portion of the cryo-EM map of the 30S subunit (isolated in this lab by differentiating proteins from nucleic acids based on density histogram information and a technique of region growing; see ref. 31) , and the fitted, filtered protein portion of the x-ray map (25) . To determine the position of the mRNA, a third difference map was computed by subtracting cryo-EM maps of 70S ribosomes with and without mRNA (see ref. 32 ). Computation of difference maps, separation of clusters, and calculation of molecular mass of the isolated clusters were done by using SPIDER. Docking of x-ray crystal structures into the cryo-EM map was done with O (33) and visualization of the density maps was done with IRIS EXPLORER.
Results and Discussion
Isolation and Identification of S1 Volume from 30S Subunit. The 11.5-Å cryo-EM map (29) of the E. coli 70S ribosome was used to find the S1 mass. Because the ribosomes for this map were isolated under very low salt conditions, and were never washed with any salt, the preparation retains all of the proteins in close-to-stoichiometric amounts (see ref. 34 ). We made use of the separation of the 11.5-Å cryo-EM map into a ''protein only'' and an ''RNA only'' map, achieved on the basis of histogram information and region growing (see Materials and Methods and ref. 31 ). In the protein-only map that we obtained by using this method, protein masses occur in clusters. We calculated a difference map between this cryo-EM protein map and a map computed by assembling all proteins from the x-ray structure of the 30S subunit from T. thermophilus (25) . This latter structure was obtained from ribosomes crystallized after intentional removal of S1. The difference map shows a large, complex mass in the region of the cleft between head and platform of the 30S subunit ( Fig. 1 ) and scattered relatively small pieces in the head and lower body regions of the 30S subunit (not shown). The latter we attribute mostly to conformational changes between 50S-bound (cryo-EM map) and unbound (x-ray map) states of the 30S subunit (35, 36) , and to minor species-related differences between the ribosomes studied by cryo-EM (E. coli) and x-ray crystallography (T. thermophilus). The location of the major mass in the cleft region matches the previous placement of S1 by IEM (17, 18) , neutron scattering (11, 20, 21) , and S1-RNA crosslinking (22) experiments.
The extra mass has a complex shape, with a central globular (CG) portion having two holes of unequal size, with their openings lying perpendicular to each other (Fig. 2) , and two stretched arm-like extensions of unequal lengths. We will refer to these extensions as short arm (SA, Ϸ28 Å long) and long arm (LA, Ϸ45 Å long). Distance between the ends of the longest axis, involving tips of LA and SA, is Ϸ87 Å. LA penetrates into the head of the 30S subunit, whereas SA is located on the solvent side, facing protein S2 (see ref. 25 for structural reference, and Figs. 2 a and b and 3 a and b) . The larger of the two holes (Fig.  2d) found in the CG portion is located on the platform side, allowing a direct connection between the cleft of the 30S subunit and the 50S subunit. The small hole (Fig. 2c) , in contrast, is partially blocked by protein S18 from the platform. Thus, the mass makes numerous contacts with the rest of the ribosome, and also has a large solvent-exposed surface.
Going by the size of the enclosed volume, the extra mass is equivalent to Ϸ83 kDa, which is somewhat higher than the known molecular mass of S1 (Ϸ68 kDa). We can attribute this discrepancy to the presence of two additional components in the cryo-EM map that are absent from the T. thermophilus x-ray map: a 46-nucleotide mRNA structure, part of which would be in the immediate vicinity of S1 (see ref. 32) , and S21, a protein adjacent to S1 in E. coli that is absent from T. thermophilus (25) . Apparently, masses corresponding to both a portion of the mRNA and protein S21 (Ϸ8.5 kDa), the smallest 30S subunit protein, were included in the same group of clusters of the protein-only cryo-EM difference map because of their close proximity to S1. Thus, we attribute the separate, small globular mass (Fig. 1, arrow) to protein S21, which is known to be located in the immediate neighborhood of the S6-S11-S18 protein cluster (see Fig. 2b ) on the platform (11, 37, 38) . Indeed, a fluorescence resonance energy transfer (FRET) measurement study has suggested that S21 should be Ϸ60 Å from the 3Ј end of the 16S RNA (39). Our placement of S21 fully satisfies the FRET data. Based on the previous visualization of mRNA in the cryo-EM work (32), we attribute a small portion of the CG region of the extra mass to the density contributed by an unstructured upstream region of mRNA (Ϸ11 nucleotides), which makes direct contact with S1 (see Fig. 4 ). An estimate of the mass of the volumes contributed by S21 and mRNA, when subtracted from the total extra mass, gives a value that closely matches 68 kDa for the remaining mass attributable to S1.
Other Ribosomal Proteins in the Immediate Neighborhood of S1
Protein. We have determined the specific regions of other small-subunit ribosomal proteins that interact with the S1 protein (Figs. 2b and 3 a and b) . S1 interacts with proteins from head, platform, and main-body regions on the solvent side of the 30S subunit. In addition to S1 and S21, proteins S6, S11, and S18 cluster on the platform. Of these, S11 and S18 participate in direct interactions with S1 ( Fig. 3 a and b) . Amino acid residues 89-119 of S11, containing the unstructured C terminus, a ␤-sheet, and a long ␣-helix (residues 89-102), contact the CG region near the bigger hole of S1 from the platform side (Fig. 3b) , whereas S18, as fitted into our cryo-EM protein map (31), makes contact with both the CG domain and the base of SA through its long ␣-helix, involving residues 59-77. These residues partially block the opening of the small hole in the CG region from the cleft side of the platform. Protein S6 faces S1 with a surface made of four ␤-sheets and an unstructured end that reaches near S1 (Fig. 3 a and b) . These observations are consistent with previous IEM (18) and neutron scattering (11, 21) data that suggest that these proteins are situated in the immediate neighborhood of S1. Also, our finding corroborates the results of crosslinking experiments between S1 and other ribosomal proteins (40) . LA, which penetrates into the 30S-subunit head, is surrounded by proteins S7 and S9 from the head side and by protein S5 from the shoulder side (Fig. 3 a and b) . The C-terminal regions of proteins S7 and S9 and the N-terminal loop region (residues 20-25) of S5 are oriented toward S1. The solvent side of S1 faces the large concave surface of protein S2 (Figs. 2b and 3 a and b) .
Sillers and Moore (11) proposed that S1 has two active sites, namely an N-terminal ribosome-binding site, physically located Neighborhood and structure of protein S1. (a) Position of protein S1 with respect to the16S rRNA, and (b) with respect to other small-subunit ribosomal proteins of the 30S x-ray structure (25) . Components of the x-ray structure were filtered to the resolution of the S1 map. Some of the relevant 16S-rRNA helices and small-subunit proteins are labeled. c and d are stereo representations of S1 mass in two orientations: c showing the smaller hole; and d showing the bigger hole within the central globular (CG) region. SA and LA identify the short and long arms, respectively, of S1.
on the ribosome in the region of protein S9, which is known to play an important role in S1 binding to the ribosome (41) , and an mRNA interaction site, comprising a portion of the Cterminal half of the molecule, located on the S6 side (Fig. 3 a and  b) . Accordingly, LA would represent the N-terminal portion, and SA, facing toward the protein S6 and the solvent side of 30S, would represent the C-terminal portion (Fig. 3 a and b) . It is likely that the CG part contains a portion of the N-terminal half and a major portion of the C-terminal half.
16S rRNA Helices in the Immediate Vicinity of S1 Protein. In addition to making several contacts with other ribosomal proteins, S1 also interacts with several different 16S-rRNA regions (Figs. 2a and  3 c and d) . The 16S rRNA helices 22, 23, 24, and 45 approach S1 from the platform side, whereas helices 25, 26, and 26a approach from the solvent side. Most of these contacts involve the CG region of the S1 protein. The tip of LA (Fig. 3 c and d) is surrounded by helices 34, 35, 37, and 40 of the 16S rRNA. We have found that the tail region of helix 45 (Figs. 3d and 4) and the middle portion of helix 26 make direct contacts with the S1 (Fig. 3 c and d) . S1 is known to interact with helix 45 (terminal 49 nucleotides) (42) and helix 26 (nucleotides 846-851) (43) . S1 is known to form crosslinks (together with protein S21) in situ near the 3Ј end of 16S rRNA (44) . It can also be crosslinked to nucleotides 861-889 (helices 25 and 26a) (45) in a region in the immediate neighborhood where S18 crosslinks to the 16S RNA (nucleotides 845-851, helix 26) (43) . All of these interactions are in full agreement with the position of S1 derived in the present study.
The positions of some of the 16S rRNA helices (e.g., helices 23a, 26, 37, and 45) surrounding the S1 mass are slightly different in the x-ray structure (25) than their positions in the cryo-EM map (29, 31) . In fact, a portion of helix 37 in the x-ray structure partially overlaps with LA ( Fig. 3 c and d) . Helices 23 (its 23a portion) and 45 appear to have moved into a groove-like structure formed within the CG mass of S1. We believe that these helices move into the empty space (in the x-ray structure, Fig. 1b) that is occupied by S1 in the cryo-EM map (Fig. 1a) ; the different positions of these helices could be due either to the absence of protein S1 in the x-ray crystal (25) or to an effect of crystal packing. S1 and mRNA. Our previous study (32) showed that the 5Ј end of the mRNA is located in the cleft region, where we now find a portion of CG of the S1 mass. We superimposed the cryo-EM mass corresponding to the mRNA onto the S1 mass and found that a linear stretch of the upper region (solvent side) of the CG actually corresponds to an Ϸ11-nucleotide-long fragment of the 5Ј region of the mRNA (Fig. 4) . It is well known that the 5Ј end of the mRNA makes contact with the anti-SD sequence (nucleotides 1535-1540), a pyrimidine-rich extension from helix 45 of the 16S rRNA. We find helix 45 immediately beside S1, on the 3Ј end of the mRNA stretch identified on the CG. Thus, a contiguous 5Ј stretch of mRNA can make contacts with both S1 (on the upstream side) and the anti-SD (on the downstream side). This finding is strongly supported by evidence for interactions of mRNA with anti-SD and S1 (3, 46) . S1 is known to be directly involved in the process of mRNA recognition and binding (47, 48) . Two RNA-binding sites on S1 have been identified (49) , and it was suggested that both sites could bind 16S rRNA and mRNA, either simultaneously or sequentially, and that S1 facilitates proper binding of mRNA to the ribosome during translation. S1-depleted ribosomes were found to be governed by base pairing of mRNA to the 3Ј end of 16S rRNA (anti-SD sequence), whereas binding to the intact 30S ribosome was dominated by S1 protein (28) . However, the possibility of a simultaneous interaction of mRNA with S1 and anti-SD was not ruled out (3). Loechel and coworkers (50) described an mRNA element that enhances translational initiation independent of the SD sequence, and Melancon and coworkers (51) showed that ribosomes lacking the 3Ј end of 16S rRNA correctly select the translational start site in some natural mRNAs, suggesting that the mRNA-S1 interaction is an important determinant of the rate of formation of the translational initiation complex. Also, protein S1 utilizes its RNA-binding domain for binding of mRNAs that are lacking the strong SD sequence (52) .
The recent 70S T. thermophilus x-ray structure (53) places the single-stranded 3Ј end of the 16S rRNA (containing the anti-SD sequence) into the groove region of the platform, partially (25) and are represented by using RIBBONS (54) . Boxed areas to the right of each panel represent the 30S x-ray structure in the corresponding views, as an aid to orientation. The 30S subunit is viewed from the solvent side (a and c) and from the 50S-interface side (b and d). The bigger hole within the CG portion of the S1 mass is clearly visible in both views. Landmarks are the same as in Fig. 2. overlapping the position of S1. The anti-SD region in the x-ray map is far away from the experimentally derived position of mRNA (32) , and hence does not allow interaction between the 5Ј upstream region of mRNA and anti-SD. The anti-SD position derived in the x-ray study is in conflict with the requirement that three simultaneous interactions must take place: between codon and anticodon at the ribosomal P site, SD and anti-SD, and 5Ј upstream region of mRNA and S1. Furthermore, the same single-stranded 3Ј end of the 16S rRNA was found in completely different positions in the x-ray structure of the isolated 30S subunit (25) , where a portion of it was interpreted as an mRNA fragment in the P site, and in the 70S ribosome (53) . These x-ray studies thus suggest high flexibility of the 3Ј region of the 16S rRNA. It is possible that the single-stranded anti-SD region has flipped into the groove of the platform in the 70S ribosome (53) because of the absence of S1 in the x-ray study, or alternatively, that its different position is an effect of crystal packing.
The reactivity of S1-specific antibodies was shown to be 3-fold higher for the 70S ribosome than for the 30S subunit (18) . The interpretation given for the increased reactivity was that protein S1 has different conformational states in the 30S subunit and the 70S ribosome. However, in a cryo-EM study (35, 36) , it was found that the platform is curled inwards toward the head of 30S subunit in the 50S-bound (70S) state. This suggests, as an alternative explanation, that the narrowing of the cleft region promotes tighter binding of S1, and hence increased reactivity to antibodies, within the 70S ribosome.
Direct visualization of S1, and the revelation of its proximity to the 5Ј upstream region of mRNA and to helix 45 in the present study, explain all previous biochemical data and demonstrate the direct involvement of S1 in mRNA binding. It is most likely that during the elongation cycle, when SD interaction is not warranted, a nonspecific interaction of the 5Ј upstream region of mRNA with S1 helps in stabilizing and maintaining the reading frame on the ribosome. Fig. 4 . Stereo presentation of the relative positions of S1, helix 45 of 16S rRNA, and mRNA segment. The mRNA segment (orange) was derived from a previous study (32) by computing a difference map between cryo-EM maps of ribosomes with and without bound mRNA and by fitting the atomic coordinates of a single-stranded 12-nucleotide stretch by using polypyrimidine. The mRNA segment corresponding to the 11-nucleotide stretch is seen embedded on the surface of the CG region of the S1 (see text). The 3Ј end of the mRNA lies near the 3Ј end of helix 45 (blue), from which the anti-SD sequence extends. The actual anti-SD region of the 16S rRNA is not shown because of conflicting positions in the x-ray maps of the isolated 30S subunit (25) and the 70S ribosome (53) (see text). The S1 mass is shown as semitransparent red. Landmarks are the same as in Fig. 2 .
